Abstract. Based on Kohsiek's fast air circulation chamber, a method has been developed to measure the surface resistance to vapor diffusion in a drying topsoil. This resistance is important to estimate evaporation from bare soils using an aerodynamic resistance formulation. Measurements were done for a fine sandy loam during a dry down after artificial wetting. Surface resistance started to increase at a moisture content of 15% by volume in the 1-cm top layer, which is 50% of its moisture content at field capacity. Calculations of the aerodynamic resistance were corrected for stability and were used to isolate the real surface resistance from the bulk resistance.
Introduction
The formulation of surface resistance to soil evaporation plays an important role in energy balance models [Barton, 1979; Menenti, 1984; van de Griend and Camillo, 1986; Camillo and Gurney, 1986; van de Griend and Van Boxel, 1989) and in atmospheric circulation models [Bougeault et al., 199la, b; Noilhan et al., 1991] . The dominant process of evaporation from bare soil surfaces is vapor diffusion through the top layer. This process is not only a function of soil physical parameters such as moisture, vapor pressure and temperature gradients, matric forces, pore diameter, etc. [Philip, 1957; Van Bavel and Hillel, 1976] , but also a function of air turbulence at the soil-atmosphere interface [Fukuda, 1955; Farrell et al., 1966; Scotter and Raats, 1969; Ishihara et al., 1992] . Modeling of these processes requires very detailed models with a very high vertical resolution on the order of 1 mm close to the soil-atmosphere interface [Camillo et al., 1983] in order to describe the continuity of the water fluxes at the interface properly. Because of these complex processes, it has been quite common to model bare soil surface resistance with a fitting parameter in diurnal energy balance simulations [Camillo and Gurney, 1986] or to use soil surface resistance for sensitivity studies with mesoscale atmospheric circulation models [Noilhan and Planton, 1989; Noilhan et al., 1991] . Mahfouf and Noilhan [1991] performed a comparative study of various formulations of evaporation from bare soils and concluded that the major difficulty is to establish a physically based relationship between soil evaporation and topsoil moisture. The establishment of such a relationship requires independent measurements of the soil surface resistance under various moisCopyright 1994 by the American Geophysical Union.
Paper number 93WR02747. 0043-1397 /94/93WR-02747$05 .00 ture conditions and for different soil types. Recently, Kondo et al. [1990] derived a "surface moisture availability factor" from small lysimeter flux measurements and related this factor to topsoil moisture and wind velocities.
In this study, we measured soil surface resistance with a fast air circulation chamber. This chamber has been described already by Kohsiek [1981] , who used it to measure the stomata! resistance of grass. The concept described in this paper was used to determine soil surface resistance under bare conditions. Intensive diurnal measurements were performed during a dry down after artificial wetting of an experimental bare plot. This paper describes the method and the data analysis procedure, together with results and conclusions.
Field Experiment
The field measurements were done within the framework of the European Field Experiment in a DesertificationThreatened Area (EFEDA) field campaign held in Tomelloso, central Spain, in June and July 1991 [Bo/le et al., 1993] . The Tomelloso area has a mixture of agricultural land covers, the majority being vineyards. These vineyards exhibited a dry dusty topsoil and a moist subsoil profile starting approximately at 15 cm below the surface. This condition is the result of a ploughing strategy of the farmers to reduce direct soil evaporation by weeding and by creating a loose topsoil. The soil was described as a fine sandy loam with a field capacity (at 33 KPa) of 30% by volume. Plant density was approximately 1 plant/4 m 2 , and plant coverage varied between 10% at the start of the field campaign to 30% 4 weeks later.
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The first surface resistance measurements were made on the dry bare soil between the plants, and resulted in extremely high resistances of the order of several thousands of A -T ~~~;;;;~, n FORMING AN ?g INTERCONNECTED seconds per meter, whereas on many occasions no increase in air vapor density could be measured, thus implying infinite resistances.
To understand better the diurnal behavior under wetter conditions, such as would occur after periods of rain, we saturated an experimental plot of 2 x 2 m 2 and installed thermistors at depths of 2.5, 5, 10, and 15 cm below the surface. The plot was isolated from the surroundings by plastic sheets to prevent lateral drainage from the plot. Soil moisture was measured gravimetrically by regular sampling of the top 0-1 cm, 0-5 cm, and 5-10 cm, with two or three replications each time. Bulk density measurements were used to derive volumetric soil moisture contents.
After wetting, the plot was covered with plastic for 2 days to allow the settlement of an equal soil moisture distribution. The evening before the measurements were started, the soil was left uncovered during the night. Resistance measurements were started the next day at hourly intervals and were continued during a 13-day dry down period of virtually cloud-free hot sunny days.
Theory and Application Energy Balance and Resistance Formulation
The energy balance of the land surface is given by
where R net is the net radiation, AE and H are the latent and sensible heat fluxes, respectively, and G is the soil heat flux. All fluxes are expressed in watts per square meter and taken positive downward.
Assuming the aerodynamic resistance for water vapor and sensible heat transport from the surface upward to some reference level to be the same, the latent and sensible heat fluxes can be expressed as
where A. is the heat of evaporation Goules per kilogram), e 0 , es, Ta, and Ts are the vapor pressure (KPa) and temperature of the air at reference level and at the surface, respectively, p is the air density (kilograms per cubic meter), cP is the specific heat Goules per kilogram per degrees Celsius), 'Y is the psychrometric constant, r av and rah are the aerodynamic resistances for vapor and sensible heat, respectively (sec· onds per meter), and rs is the surface resistance (seconds per meter). The surface resistance rs is a bulk resistance term to represent the additional resistance for water vapor to diffuse from the source into the air immediately surrounding the source, and has been used for vegetation as a canopy resistance [Monteith, 1973; Szeicz and Long, 1969; Sellers, 1985] , which is a bulk surface resistance for all stomata! cavities per unit projected horizontal surface area. This canopy resistance is usually described as a function of a series of plant physical, soil physical, and other environmen· tal conditions [Monteith, 1973; Jarvis, 1976; Goudriaan, 1977; Morton, 1984; Sellers et al., 1986] .
For bare soil conditions a significantly different process may take place. In principle, two extreme situations (with intermediate conditions in between) may be distinguished as depicted in Figure 1 , i.e., (1) a moist top layer (Figure la) with the soil particles of the uppermost surface layer still being wet, with a water film around the particles and the surface resistance, denoted r sl, consisting basically of the diffusive resistance across the water-air interface [La Mer and Healy, 1965] ; and (2) a dry top layer of variable thickness (Figure lb) where the surface resistance results from diffusion across the water-air interface localized in the pores (with resistance r 31 ) and diffusion from the water surface to the land surface through the pores of a dry top layer (with resistance rs 2 ).
With a wet topsoil, the evaporation (i.e., the phase change from liquid to vapor) takes place at the surface or within the soil pores directly adjacent to the soil surface, and the meaning of the soil surface resistance is to some extent comparable with the stomatal resistance defined for leaves. As the topsoil dries out, this phase change does not occur at the surface itself but, consequently, at some depth below the surface. The surface energy balance (equation (1)) may then be formulated as Rnet+ H = G whereas the soil heat flux now consists of
where AW is the change in heat storage in the soil profile (watts per square meter), and -AE soil is the latent heat used for evaporation within the soil and which is extracted from the soil heat. Menenti (1984] assumes the bulk of the phase change to occur at a certain depth in the profile which he denotes as the "evaporative front." One may assume, however, that the phase change occurs in a transition zone of which the thickness may vary depending on soil physical properties and moisture conditions.
As such complex processes as described above do not lend themselves to relatively simple parameterization in energy balance models or atmospheric circulation models, the most appropriate way is probably to define the surface resistance in terms of measurable soil physical conditions, including soil moisture, in conformity with the latent heat flux formulation of (2). Such an approach has been used in several studies [Nappo, 1975; Camillo and Gurney, 1986; Kondo et al., 1990] , where rs, or its equivalent in terms of a modified Priestley-Taylor coefficient [Barton, 1979; Owe and van de Griend, 1990] , was basically determined through optimization. In this way, Camillo and Gurney [1986] noted the importance of soil moisture conditions of the very thin top layer and found values for rs typically to range between 0 and 600 s/m for a wet and a dry top layer respectively. The formulation of rs as a function of daily average topsoil moisture is also widely used in atmospheric models. Based on a comparative study of aerodynamic resistance formulations, Mahfouf and Noilhan [1991] reported that rs could vary between 0 and several thousands of seconds per meter, depending on soil type and soil moisture. They also concluded that these formulations overestimated the nocturnal evaporation flux due to its diurnal behavior. As we will see from the results of this study, the surface resistance indeed displays a very strong diurnal course, and the assumption of a daily constant value should therefore be made carefully with regard to the specific purpose for the modeling. Kohsiek [1981] , as applied in this study with minor adjustments.
The Fast Air Circulation Chamber
Although the dimensions are different, the chamber we used is basically a replica of the chamber described by Kohsiek [1981] . Kohsiek compared two versions, i.e., a closed chamber and an open chamber, and concluded that the closed chamber gave more consistent results while its operation is much simpler. We therefore used a closed chamber. It consists of perspex with exterior dimensions (Figure 2 ) oflength, 100 cm; width, 40 cm; and height, 80 cm. The bottom of the chamber is open to allow the circulating air to be in contact with the soil surface. The air in the box is circulated by a propeller fan with an adjustable speed, leading to average air velocities of up to 4 mis at maximum propeller fan speed. To create relatively smooth air circulation inside the box, several deflectors were placed in the corners. Air temperature and air humidity are measured continuously with a fast dry and wet bulb thermocouple (response time <l s). The temperature of the soil surface is measured with a thermal infrared radiometer (response time <1 s) installed in the central horizontal plate and looking downward at the soil surface. One measurement sequence lasts about 30 s during which all individual data, collected at I s intervals, are stored on a data Logger for analysis.
Derivation of Total Resistance (rto 1 )
The vapor flux from the surface into the chamber, as described by (2), equals the change in vapor content within the chamber over time, or dpaldt = -EAIV (6) where Pa is the absolute humidity of the air (kilograms per cubic meter), and V and A are the volume and the ground area of the chamber, respectively. The air vapor pressure e (kilopascals), expressed in terms of absolute humidity (kilograms per cubic meter), follows from (7) and combination of (2), (6), and (7) leads to a differential equation describing the change in absolute air humidity over time as a function of the total aerodynamic resistance rtot (= rs + rav):
where W1 0 1 = A!Vr;;,l, and Psis the saturation vapor density at surface temperature. The surface temperature T, does not change significantly during a 30-s measurement, and therefore if we assume Ps to be constant, integration of (8) leads to
which may be rearranged as
Figure 3(top) shows a typical example of the measured surface temperature versus time, together with the increasing vapor density of the air. As one may see, the soil temperature is very stable during the 30-s measuremertt. This example is for a wet topsoil and consequently with a high thermal inertia (i.e., a high heat capacity and a high heat conductivity (see, for example, van de Griend et al. [1985] ) which reduces the variation in surface temperature to only 0.2°C. With an enlarged scale (Figure 4 , top) the course of the surface temperature shows an initial decrease during a few seconds followed by a slight but steady increase. This will be discussed later. Here, Ps is computed from the mean surface temperature over the corresponding time period (0 -. t). After 4 s the derived total resistance becomes very stable and amounts to a value between 80 and 90 s/m. The higher values at the beginning are probably due to the low precision of the measurements relative to the small changes during a time step of 1 s.
During midday and late afternoon, however, when the difference between air temperature and surface temperature becomes larger, surface temperature may vary typically by l.5°C over the 30-s period, and the assumption that T, is constant (and, consequently, by definition in our approach, that Ps is constant) is no longer valid. To determine the surface resistance under changing surface temperature conditions we approximated r tot for sequential 5-s periods from (9) 
where p,(t) was derived from the mean surface temperature observed over the interval ll.t = 5 s. Due to the large differences between the "assumed" saturation vapor density at the surface (or at the evaporative front) and vapor pressure of the circulating air, the measurement of r tot turned out to be extremely reproducible even during nighttime hours, as will be shown later.
The derivation of r tot (equation (9) or (11) vapor pressure at the soil surface to be known. In case ofa stomatal resistance the vapor pressure is assumed to be saturated inside the stomatal cavities at leaf temperature. For soils, the vapor pressure depends on the matric potential i/J (meters) and may be expressed on the basis of thermody· namic theory as [Philip, 1957] 
where Pv is the water vapor pressure in equilibrium with the liquid phase, Ps is the saturated water vapor pressure of the Within the suction range normally encountered under most conditions, the relative humidity pvf ps in the soil gas phase stays very close to 100%. For example, at a matric potential of -150 m, which corresponds to the value often associated with the permanent wilting point of plants, the relative humidity calculated from (12) at 25°C is· still about 99%. The vapor pressure, however, falls below its saturation value if the matric potential becomes lower than wilting point, which occurs quite easily in the very topsoil under bare soil conditions. As the vapor pressure in the uppermost pores is (almost) impossible to estimate, we adopted two approaches. First, we assumed the vapor pressure in the uppermost pores to be saturated at the observed surface temperature. Second, we assumed the vapor pressure to be saturated at some depth in the soil profile, and used soil profile temperature measurements to compute Ps.
The first measurement thus gives a fictitious surface resistance, denoted rs ( = r tot -r av), assuming saturation vapor pressure at surface temperature, whereas the second measurement leads to the actual surface resistance, denoted r~ for vapor diffusion from a particular depth (e.g., at the evaporative front) to the soil-atmosphere interface.
Derivation of rah
If we assume that the sensible heat from the soil H, as descnbed by (3), is stored in the air i.p.side the chamber, and all other heat sources or sinks can be neglected, the derivation of rah follows from (3) and the continuity equation given as
where W is the heat storage per unit volume within the chamber (W = pcPn. The derivation is similar to that for r,0 1 and leads, for T. constant, to (14) which may be rearranged as (Figure 4(bottom) ) shows a substantial deviation from a straight line. Moreover, the air temperature increases, whereas the surface temperature is significantly lower than the temperature of the air (Ts = 27.8°C; Ta = 32.8°C). This phenomenon was observed during practically all measurements, and obviously the assumed conditions to derive rah using this box are not met.
The increase of Ta ~ith Ta > Ts is probably due to (1) the box working as a greenhouse, (2) heat from the motor conducted by the axis to the propeller, or (3) friction heat created as a result of the fast rotating propeller. After the sudden drop of r. (due to extraction of latent heat from the surface), the heat flux from the air toward the surface is able to counterbalance the continued extraction of latent heat from the potentially evaporating surface (r 101 -85 s/m), leading to a slightly increasing Ts after 10 s (Figure 4, top) . As a result of the external heat sources mentioned, the computed rah values varied typically between -1000 and +500 s/m, depending on surface physical and other field conditions. These values of course have no physical meaning and rah was therefore estimated on the basis of aerodynamic resistance theory. This will be described next.
Estimation of rah
The aerodynamic resistance rah depends on stability conditions and was estimated using Monin-Obukhov's stability parameter A, which is defined as
where U * = ( Ulr ah) 112 • Under stable conditions [Brutsaert, 1982] , rah can be expressed as
where U is the wind speed at a height z above the surface, Zo is the roughness length (meters) of the surface, k = 0.4 is the von Karman constant, and "1 1 and 1/1 2 are functions of A [Paulson, 1970] . For stable conditions (Ts < Ta) we used the stability function [Webb, 1977] (18) -+- J0-187 ""*" J0-172 Time (hrs) Figure 5 . Typical daily courses of the surface resistance rs at the beginning of the measuring period with a wet soil (JD= 166), the second day (JD= 167), and nearthe end with a dry topsoil (JD = 172).
where
, and c is a constant for which we used a value of 4.7 followingBusinger et al. [1971] . The parameter d is the displacement length and is zero for bare soils. Although the conditions in the chamber are far from ideal with respect to the conditions in the inertial sublayer in which the semilogarithmic wind profile law and (17) are valid [Tennekes, 1973] , (17) probably gives a fair upper estimate of rah· With z = 0.35 m (i.e., two thirds of the distance between the surface and the horizontal plate in the box), zo = 10-3 m (the value used by Mahfouf and Noilhan [1991] in their bare soil experiments), and U = 4 mis, we find rah = 53 s/m for neutrally stable conditions C.P 1 = 0 and "'2 = 0), which is of the same magnitude as the average value of rtot (=rs +rah), i.e., 62 s/m, which we found for wet conditions during the first day. Under such conditions rs< 20 s/m, i.e., just the evaporation suppression of the water surface itself [La Mer and Healy, 1965] and, consequently, rah is of the same magnitude as rtot measured for the wet surface.
Values of rah were computed for all surface resistance measurements and showed a relatively small variation depending on the conditions of Ts and Ta, with an average of 52 s/m and a standard deviation of 5 s/m. The values of rah and r av are usually very close and we assumed rah and r av to be equal.
Data Analysis and Results
The Diurnal Course During Dry Down All measurements were first analyzed according to the assumption of saturation vapor density at surface temperature p (T ) and resistances are given as surface resis- i:t::!r.
1 2 3 4 5 6 7 B 9 10 11 12 13 14 DAYS (Day 1=JD166) Figure 6a . The complete time series of diurnal measurements during the 13-day period. The analyses are based on the assumption that Ps is the saturation vapor density at surface temperature (curve for rs) , and p s is the saturated density at soil temperature measured at 2.5 cm below the surface (curve for r~).
time, whereas a significant decrease occurred starting in late afternoon continuing through the night, due to recovery of the moisture profile by capillary activity. Figure 6a (upper curve) shows the time series of all the surface resistance measurements (r 3 ), together with the 0-to 1-cm and 0-to 5-cm soil moisture measurements (Figure 6b) . The result shows the repetition of this diurnal course throughout the dry down period. The diurnal course reflects the capability of the soil moisture profile to recover during the nighttime hours, leading to significantly lower resistances in the morning. The resistances increase fast during the first days and level off after several days to values of several thousand seconds per meter.
After the second day of the dry down period, a thin dry top layer developed. This top layer could be observed as a color change in the top layer, and did not extend beyond the top 2.5 cm during the dry down. Therefore in addition to the assumption of saturated vapor density at surface tempera· ture analyses were also done assuming saturation vapor den~ity at 2.5 cm below the surface, using the observed soil profile temperatures. The resulting time series of r~ is also shown in Figure 6a (lower curve) and runs basically parallel to the course of rs, although at a significantly lower level. Since the depth of the thin top layer and the soil temperature at its bottom are difficult to measure routinely, the use of the fictitious surface resistance parameter rs is much more practical than the use of the actual surface resistance r~. The first assumes topsoil moisture and surface temperature to be known which can both be acquired from remote sensing. Therefore the following analyses were only done with the derived values for rs.
In Figure 7 , all derived surface resistances rs are plotted against the top 0-1 cm soil moisture. The graph shows a characteristic relationship with a minimum surface resistance occurring at a soil moisture content of approximately 15%. This minimum surface resistance is close to zero and should theoretically be equal to the resistance to molecular di:lfusion across the water surface itself (r sl). As the topsoil dries out, rs increases dramatically to values of several thousand seconds per meter. The relationship is typically of exponential form and can be described as (19) for 8 :s; Omin, where 0 is the soil moisture content (percent by volume) in the top 1 cm, and Omin is an empirical minimum value above which the soil is able to deliver vapor at a potential rate.
The resistance to molecular diffusion of water surfaces has been studied intensively with respect to evaporation suppression by monolayers of long-chain alcohols [La Mer and Healy, 1965] ; they found a value of r 51 -10 s/m as a lower reference. Using this value, the relationship between rs and 8 (equation (19) ) is best described as (Figure 7) rs = lOe 0.3563(15-el (20) Vapor Density in the Soil-Atmosphere Continuum As was indicated before, the vapor pressure in the topsoil stays near its saturation value as long as the topsoil matric potential is above wilting point. The very top layer, however, tends to dry out relatively fast, and matric potential may increase dramatically in the very topsoil, leading to highly reduced soil vapor densities. Such conditions are very difficult, if not impossible, to measure under field conditions, but have been estimated from the box measurements as will be explained next. From (2) and (7) it follows that the vapor flux from the surface into the air in the box equals
where r tot is the derived total resistance using the assumption of saturation vapor density at the surface, PsarCT,). For reasons of continuity this flux must equal the vapor flux from the surface pores into the air, or E=Pa-Psoil 'av (22) where Psoil is the vapor density in the very top pores, and r av is the aerodynamic resistance for vapor transport corrected for stability conditions using (17). Combination of (21) Figure 8 shows the derived vapor densities in the very top pores (p 50 il) together with the computed fictitious values of Psai<T,) and the measured air vapor densities Pa· The graphs show that except for the first day, when the soil surface is saturated, the vapor density in the top pores is very close to the vapor density of the air, thus resulting in very small gradients along the flux path leading from the soil-air interface into the free air. The larger gradients occur between the evaporative front (the vapor density at this front will be of the same magnitude as Psat (T 5 ) ) and the soil-air interface due to the magnitude of the resistance term r , 2 •
Conclusions
Kohsiek's fast air circulation chamber can be used to measure the surface resistance to vapor diffusion under bare soil conditions. Two different definitions of the surface resistance were formulated, i.e., (1) a fictitious surface resistance assuming saturation vapor density at surface temperature, and (2) a more realistic actual resistance, assuming saturation vapor density at a shallow depth near the evaporative front. Both resistances display a pronounced diurnal course during a dry down period, with resistances varying between zero under wet conditions and several thousand seconds per meter for a dry topsoil.
Application of the actual surface resistance in a diffusive vapor flux model requires the temperature at the evaporative front to be known, which is impractical. Application of the fictitious surface resistance in a flux model requires only topsoil moisture and surface temperature to be known. The fictitious surface resistance could be modeled quite well as an exponential function of soil moisture in the top 1 cm of the bare soil. Since topsoil moisture can be monitored by passive microwave remote sensing (see, for example, Schmugge et al. [1986] and van de Griend and Owe [1994a, b] ), the fictitious surface resistance formulation can be used in combination with repetitive soil moisture and surface temperature observations from space.
